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1 ABSTRACT

In modern aircraft and rocket engine combustors, the atomization characteristics of a fuel nozzle as
defined by the spray dispersion angle, droplet-size and velocity distributions, and fuel vaporization play an
important role in determining the combustor performance, e.g. the combustion efficiency, ignition and lean
blowout conditions, exit temperature pattern, and emissions. The success of any spray calculation depends
a great deal on the correct specification of the initial droplet conditions. However, the modeling of the
atomization process is a very challenging task as it is influenced by a variety of factors: the aerodynamic
liquid-gas interaction, the inner nozzle disturbances, the nozzle geometry, and the thermo-physical properties
of fuel. So far in our previous spray computations, we have relied on either known experimental data or data
generated from widely-used correlations in specifying the initial droplet conditions. In order to reduce some
uncertainty associated with the specification of the initial droplet conditions, we have undertaken the task
of integrating an atomization module into our spray calculation procedure of the national combustion code
(NCC). The atomization module contains the following primary atomization models: (1) sheet breakup, (2)
air blast, (3) blob jet, and (4) BLS (Boundary-Layer Stripping), together with the following secondary droplet
breakup models: (1) Rayleigh-Taylor, (2) TAB (Taylor Analogy Breakup), and (3) ETAB (Enhanced Taylor
Analogy Breakup). The paper provides complete details of various models contained in the atomization
module. And it also summarizes the results from the study conducted to investigate the effect of various
atomization models in the modeling of a spray flame.

2 INTRODUCTION

The state of the art in multi-dimensional spray combustion modeling, as evidenced by the level of
sophistication employed in terms of modeling and numerical accuracy considerations, is also dictated by
the available computer memory and turnaround times afforded by present-day computers. With the devel-
opment of LSPRAY-II [1] and EUPDF-II [2], we have advanced the state of the art in multi-dimensional
spray/gaseous combustion calculations by combining the novelty of the coupled CFD/spray/scalar Monte
Carlo PDF (Probability Density Function) computations with the ability to run on massively parallel com-
puters and unstructured grids. LSPRAY-II is a Lagrangian spray solver with a multi-injection capability
and it is primarily designed to predict the flow, thermal and transport properties of a rapidly vaporizing
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multi-component spray under both time-dependent and steady-state conditions; and EUPDF-II provides the
solution for the species and temperature fields based on a PDF transport equation. Both of the modules
are designed for massively parallel computing platforms and they could easily be coupled with any exist-
ing gas-phase CFD flow solver either independently of each other or in combination with both. Both of the
solvers accommodate the use of an unstructured mesh with mixed elements of either triangular, quadrilateral,
and/or tetrahedral type. Some major features of LSPRAY-II & EUPDF-II are [1-4]:

• In order to demonstrate the importance of chemistry/turbulence interactions in reacting sprays, we
have extended the joint scalar Monte Carlo PDF (Probability Density Function) approach to the
modeling of spray flames.

• Both of the modules accommodate the use of both unstructured grids and parallel computing and,
thereby, facilite large-scale combustor computations involving complex geometrical configurations.

• In order to deal with modern gas-turbine fuels that are mixtures of many compounds, we have extended
the spray formulation to the modeling of multi-component liquid fuels.

• In order to extend the applicability of the spray computations over a wide range of low-pressure
conditions, we have completed the implementation of the variable liquid thermo-transport properties
into our spray formulation.

• Both of the modules are designed in such a way so that they could easily be coupled with any other
existing CFD code.

• While LSPRAY-II can be used in the calculation of both steady as well as unsteady computations,
EUPDF-II is primarily designed for the steady-state calculations.

• We have developed and implemented several numerical convergence techniques such as local time-
stepping and various other averaging schemes in order to accelerate convergence to a steady state.

• The spray module has a multi-liquid and multi-injection capability.

• Its application has been demonstrated in various important NASA projects: Ultra-Efficient Engine
Technology (UEET), Pulse Detonation Combustion Technology (PDCT), & Rotary Combustion Engine
Technology Enablement Project (RCETEP).

In order to reduce the uncertainty associated with the specification of the initial droplet conditions,
we have undertaken the task of integrating an atomization module into our spray calculation procedure.
The atomization module is based on some recent progress made in the modeling of the atomization process
[5-12] and was developed by CFDRC Inc. [11] in collaboration with the university of Wisconsin (UW) [9-
10]. The atomization process can be broadly classified into two breakup regimes: (1) within the injector,
the inner-nozzle disturbances due to cavitation may lead to the formation of a fragmented liquid, and (2)
on the outside of the nozzle exit, the aerodynamic forces are responsible for the disruption of the liquid
into ligaments, fragments, and tiny droplets [7-8]. The approach taken here ignores the internal-injector
processes but uses available knowledge of the external spray characteristics [5]. The breakup of the liquids
due to aerodynamic forces is a result of hydrodynamic instabilities on the liquid-gas interface such as either
Rayleigh-Taylor or Kelvin-Helmholtz instabilities [5, 7-8]. The Rayleigh-Taylor instability is due to inertia of
the denser fluid opposing the system acceleration in a direction perpendicular to the interface of the denser
fluid and the Kelvin-Helmholtz instability is caused by the viscous forces due to the relative motion of the
fluids [7-8]. Based on a linear instability analyses of a 2D viscous incompressible fluid moving thorough an
inviscid incompressible gas, Reitz and Bracco [5] characterized the break-up regimes to be four-fold: (1)
Rayleigh breakup, (2) first wind-induced breakup, (3) second wind-induced breakup, (4) atomization. In the
first two regimes, drops of sizes greater than or equal to the nozzle diameter are produced at distances far
from the nozzle exit. The last two regimes are more important to the atomization studies of our interest and
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drops of sizes smaller than the nozzle diameter are produced near the nozzle exit. The knowledge gained
from the instability analyses of various kinds [5, 9-10] is combined with some experimental observations to
form the basis for the atomization and droplet breakup modeling of liquid sprays. As the atomization of the
injected liquid and the subsequent breakup of drops are distinguishable processes within a dense spray, the
jet breakup is modeled by making use of a drop representation approach in which discrete parcels of liquid
are injected in the form of blobs with a characteristic size representative of the nozzle diameter instead of
tracking an actual intact liquid core at the nozzle exit. In the case of a planar or conical liquid sheet, the
discrete parcels essentially represent liquid ligaments. Before atomization, the discrete parcels stay inside of
the liquid core or sheet but after atomization they move independently. The breakup criterion, atomization
rate, drop size and velocity and the location of the newly formed droplets is primarily determined based
on an instability analysis of the equations derived from the conservation of mass, momentum and energy.
The analysis of the jet or sheet breakup into ligaments or smaller droplets, the stripping of the liquid
into fragments or smaller droplets, the formation of smaller droplets from further breakup of ligaments or
fragments is described under the classification of a primary atomization breakup model. Once the droplets
are formed after atomization they may further breakup into smaller droplets based on a secondary droplet
breakup mechanism while their behavior is tracked by a Lagrangian spray solution procedure as described
in Ref. [1]. Further details of our spray solution procedure used in the spray computations can be found in
[1-4].

Here we attempt to provide complete details of both the primary atomization breakup models as well
as the secondary droplet breakup models of the atomization module. Also, we summarize the results from
several test runs involving a single experimental case of McDonnell-Samuelsen [23]. However, the purpose of
this exercise is not for any validation but it was designed primarily as a debugging platform for assessing the
differences between various models. The designed test matrix consisted of a total of twenty runs resulting
from all the available joint combinations of various primary atomization and secondary droplet breakup
models.

3 DETAILS OF THE PRIMARY SPRAY ATOMIZATION MODELS

3.1 Sheet Breakup Primary Atomization Model (Likely Application: Pressure Swirl
Atomizer)

Here, we summarize the details of the sheet breakup model taken from Schmidt et al [12]. The growth
of an infinitesimal disturbance as given by

η = ηo exp(ikx + ωt) (1)

was analyzed based on a linear stability analysis of a two-dimensional, viscous, incompressible liquid sheet
of thickness 2h which moves through an inviscid, incompressible gas medium. This was analyzed in a
coordinate system moving with the sheet with a relative velocity of U where ηo is the initial wave amplitude,
k (= 2π/λ) is the wave number, and ω = ωr + iωi is the complex growth rate. The most unstable
disturbance responsible for the sheet breakup is denoted by Ω.

Based on the linearized liquid and gas continuity and momentum equations subject to the linearized
boundary conditions at the gas and liquid interfaces, a sinuous mode dispersion relation was obtained by
[13],

ω2[tanh(kh) +Q] + ω[4νlk2tanh(kh) + 2iQkU ]+

4ν2
l k

4tanh(kh)− 4ν2
l k

3l tanh(lk)−QU2k2 + σk3

ρl
= 0 (2)

where Q = ρg/ρl, l2 = k2 + ω/νl, and U is the relative velocity between the liquid and gas. Inviscid
analysis also indicates that for low gas Weber number (We = ρghU

2/σ) flows, long waves tend to grow
leading to liquid sheet breakup but for higher Weber numbers, short waves produce a maximum growth rate
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followed by breakup. The critical Weber number that leads to the transition from the long wavelength regime
to the short wavelength regime was shown to be Weg = 27/16. For most modern fuel injection systems, the
film Weber number is well above this critical limit. The growth rate for the sinuous mode, ωr, based on an
order of magnitude analysis of the dispersion relation yields,

ωr = −2νlk2tanh(kh)
tanh(kh) +Q

+

√
4ν2
l k

4tanh2(kh)−Q2U2k2 − [tanh(kh) +Q](−QU2k2 + σk3/ρl)
tanh(kh) +Q

(3)

For short waves in the limit of Q << 1 for high-speed sheets, it yields

ωr = −2νlk2 +

√
4ν2
l k

4 +QU2k2 − σk3

ρl
(4)

Following Dombrowski & Johns [15], the sheet disintegration leads to the formation of ligaments once
the unstable waves reach a critical amplitude and Eq. (4) shows that the growth rate of short waves is
independent of the sheet thickness. The corresponding breakup time τ and the breakup length L are given
by:

ηb = ηo exp(Ωτ) => τ =
1
Ω
ln
ηb
ηo

(5)

L = V τ =
V

Ω
ln(

ηb
ηo

) (6)

where Ω is the maximum growth rate as determined by Eq. (4), the term ln( ηbηo ) has an assigned value of 12
as suggested by Dombrowski & Hooper [14], and V is the absolute velocity of the liquid.

The initial diameter of the ligaments is derived from a mass balance relationship. For long waves, it
is assumed that the ligaments are formed from tears in the sheet once per wavelength and the resulting
diameter is given by,

dL =
√

8h
Ks

(7)

where Ks is the wave number corresponding to the maximum growth rate Ω as obtained from Eq. (3) and the
film thickness, h, is calculated from the breakup length, L, the radial distance from the centerline to the mid-
line of the liquid sheet at the atomizer exit, ro, and the spray angle, θ, as follows: h = ṁ

2πρlV (ro+Lsin(θ/2)) .
For short waves, the ligament diameter is independent of the liquid sheet thickness and is assumed to be
proportional to the wave length associated with the maximum growth rate Ω as follows: dL = 2πCL

Ks
where

the ligament constant, CL, is equal to 0.5.
For both long and short waves, Dombrowski & Johns [15] developed a linear stability analysis for

the further breakup from ligaments to droplets based on the Weber’s analysis on capillary instability. The
analysis shows that the breakup occurs when the amplitude of the unstable waves nears the radius of the
ligament. And the corresponding most unstable wavenumber, KL, is given by:

KLdL = [
1
2

+
3µL

2
√
ρLσdL)

]−
1
2 (8)

This analysis thus yields the most probable droplet size based on a simple mass balance calculation where
d3
D = 3πd2

L/KL.
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For the pressure swirl atomizer, the initial injector exit velocity and liquid sheet thickness are calculated
following the approach of Schmidt et al [12]. It assumes a uniform velocity profile for the initial liquid velocity,
V , as given by,

V = max{0.7, 4ṁ
πd2

oρlcosθ

√
ρl

2∆p
}

√
∆p
ρl

(9)

where ṁ and θ are the measured mass flow rate and spray angle, respectively, do is the injector exit diameter,
and ∆p is the pressure drop in the injector. Once V is known, the corresponding axial component of the
sheet velocity is calculated via u = V cosθ. And the initial sheet thickness ho is calculated from the
conservation of mass:

ṁ = πρluho(do − ho) (10)

At the point of primary breakup, the actual drop size is chosen from a Rosin-Rammler distribution with
the mean size as given by dD of the sheet breakup model. Further movement of the droplets is tracked by
making use of a Lagrangian formulation.

3.2 Blob Jet Primary Atomization Model (Likely Application: Single-Orifice Nozzles)

Here we summarize the details of the blob jet primary atomization model taken from Reitz & Bracco
[5] and Reitz [16,9]. It applies for a cylindrical liquid jet issuing into an incompressible gas. The following
dispersion relation was obtained based on the stability analysis of a cylindrical liquid surface subjected to
linear perturbations:

ω2 = 2νlk2ω{ I
′
1(ka)
I0(ka) −

2kl
k2+l2

I1(ka)
I0(ka)

I′1(la)
I0(la)} = σk

ρla2 (1− k2a2){ l
2−k2

l2+k2 } I1(ka)
I0(ka)

+ρ2
ρ1

(U − iωlk)2k2{ l
2−k2

l2+k2 } I1(ka)
I0(ka)

K0(ka)
K1(ka) (11)

where I0, I1, and K0, K1 are the modified Bessel functions of the first and the second kinds.
Reitz [16,9] generated curve-fits of numerical solutions to Eq. (11) for the maximum growth rate

(ω = Ω) and the corresponding wavelength (λ = Λ):

Λ
a

= 9.02
(1 + 0.45Z0.5)(1 + 0.4T 0.7)

(1 + 0.87We1.67
2 )0.6

(12)

Ω{ρla
3

σ
}0.5 =

0.34 + 0.38We1.5
2

(1 + Z)(1 + 1.4T 0.6)
(13)

where Z = We0.51
Re1

, T = ZWe0.5
2 , We1 = ρ1U

2a
σ , We2 = ρ2U

2a
σ , and Re1 = Ua

ν1
. A core region is predicted

with the blob injection method because there is a region of large discrete liquid parcels near the nozzle.
Based on the jet stability theory, new drops are formed from a parent drop or blob. It is assumed that small
droplets (with radius, r) are formed from the parent drops (with radius, a) with drop size proportional to
the wavelength of the fastest-growing or most-unstable wave,

r = BoΛ (if BoΛ ≤ a) or

r = min{(3πa2U/2Ω)0.33, (3a2Λ/4)0.33} (if BoΛ > a, one time only) (14)

where Bo = 0.61 according to Reitz [16,9]. In the above, it is assumed for the (BoΛ ≤ a) condition that small
droplets are formed with the dropsize proportional to the wavelength of the fastest growing mode and the
second (BoΛ > a) condition applies to drops larger than the jet and it assumes that the jet disturbance has

3.1.1 Application to pressure swirl atomization
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frequency Ω/2π ( a drop is formed each wave period) or that the drop size is determined from the volume of
liquid contained under one surface wave. And the rate of change of droplet radius due to breakup is given
by,

da/dt = −(a− r)/τ (r ≤ a) (15)

where τ is the breakup time, τ = 3.726B1a/ΛΩ, and the value for the breakup time constant, B1, depends
on the injector characteristics and its value ranges between 1.732 to 40. And a(t = to) = ao is the initial
drop radius at time, to.

After the breakup, a new parcel containing product drops of size, r, is created and added to the
computations [9]. This was done as long as the mass of the liquid removed from the parent (ρl4π(a3

o−a3)/3)
reached or exceeded 3% of the average injected parcel mass and if the number of product drops is greater
than or equal to the number of parent drops [9]. While waiting for sufficient product drops to accumulate,
the parent drop number was adjusted so that Na3 = Noa

3
o but the parent drop number, No, was then

restored following the creation of the new product parcel [9].
In the case of (BoΛ > a), the parent parcel was replaced by a new parcel containing drops with size

given by Eq. 14 after a time equal to τ (with N = Noa
3
o/r

3) [9]. This breakup procedure was allowed only
once for each injected parcel [9].

Validation of the model for a single hole orifice in a typical diesel engine was demonstrated by Reitz
and Diwaker [10] and Reitz [16,9].

3.3 Air Blast Primary Atomization Model (Likely Application: Air Blast Atomizers)

The air blast atomization model is essentially based on the idea of pressure-swirl atomization model
(Section 3.1.1) as the primary atomization of an air blast injector is based on the aerodynamic analysis
involving the Kelvin-Helmholtz instability of a liquid jet in an incompressible gas. It, however, differs from
the pressure-swirl atomization model in the determination of the initial sheet velocity and thickness as given
by

Vsheet = αVl + (1− α)Vg (16)

δ = r
[
1−

√
1− ṁ

πr2ρVsheet

]
(17)

where α has a value of 0.12 to 1 depending on the fuel filmer characteristics, r is the radius of the fuel filmer,
and ṁ is the fuel flow rate. The continuous annular sheet is represented by a finite number of point injectors
located randomly along the circular ring of the liquid sheet.

3.4 Modified BLS Primary Atomization Model (Likely Application: Liquid Jet in a Cross
Flow)

Here we summarize the details of the BLS atomization model taken from Khosla and Crocker [11]. In
this model both surface shear breakup and column breakup modes are included. Before column breakup,
fragments may be formed due to boundary layer stripping depending on the local Weber number and q
(= ρlu

2
l /ρgu

2
g). When the jet reaches the column breakup time, the entire jet breaks into fragments. It also

allows for further breakup of the fragments based on a modified boundary layer stripping. And it is followed
by a final breakup step based on the Rayleigh-Taylor secondary droplet breakup model.

Fragments are stripped from the liquid column if the Weg satisfies the following criteria:
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Weg > 50Re1/2
g q−1/0.81 and

Weg > 15 (18)

where

Reg = ρgdjug/µg

weg = u2
gdjρg/σl

where Reg and Weg are based on the gas velocity component normal to the liquid jet direction instead of
the relative velocity. If column stripping does occur, the amount of mass removed from the column is given
by,

Mshed =
3
4
πdρl

tb
t?
urelAα

√
πd

4
∆t (19)

where,

A =
[ρg
ρl

]1/3[µg
µl

]1/3 (20)

α =
[ 8µl
3Aurelρl

]1/2 (21)

t? =
do
√

ρl
ρg

ug
(22)

where tb is the liquid column drop lifetime. The addition of the factor t?/tb causes the shedding rate to
increase essentially linearly with distance away from the injection location. This accounts for the lack of
shedding close to the injection location and the subsequent buildup of shedding over the life of the liquid
column. The shed drop SMD (Sauter Mean Diameter) is given by

SMD = 3.1
tb
t?
d1/2

[ ρl
ρg

]1/4[ µl
urelρl

]1/2 (23)

The tb/t
? factor is included with the effect of producing smaller drops near the injection location.

However, tb/t? is limited to a minimum value of 2.5 which is never exceeded for some cases. The amount
of mass shed is tracked and 10 new parcels are created when the cumulative shed mass after a time step
exceeds 1% of the mass of the parcel. Each parcel is allocated an equal amount of the shed mass and the
size for each new parcel is selected randomly from a uniform distribution between 0.4 and 1.6 times the mass
mean diameter, MMD. And the drop velocities were given by

ud = up +O.3(RND − 0.2)(ug − up) (24)

vd = vp + +0.3(RND − 0.2)(vg − vp) (25)

wd = wp + 0.25(RND − 0.5)(urel − wp) (26)

where RND is a random number. Column stripping occurs, assuming the above criteria are met, until the
column breakup time is exceeded. Parcels created through the column stripping mechanism are considered
to be fragments which may undergo further breakup as discussed below. First, though, the column breakup
mechanism, which also produces fragments, is described. The liquid jet column breakup time is given by
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tb = AbWe0.62t? (27)

The constant, Ab, has a value of 25. Since the present model includes a fragment breakup step after the
column breakup, the We dependence for the breakup onset was retained.

After the column breakup time is reached, the column is broken into 18 new parcels with MMD =
0.45dj . The new parcels are also designated as fragments. The size of the fragments still tend to be large, so
the ultimate drop size from the primary breakup process is mostly determined from the fragment breakup
process. The size distribution is the same as described above for the column stripping. The cross flow and
normal velocity components are the same as Eqs. (24) and (25). The lateral velocity component is given by

wd = wp + 0.1(RND − 0.5)(urel − wp) (28)

Fragments are further broken into small drops according to a modified version of the boundary layer
stripping model based on the following criteria,

Weg >
√
Re and

Weg > 15 (29)

where

weg = u2
relddρg/σl

Reg = ρgddurel/µg

The criteria are generally the same as for column stripping except that the dependence on q is not needed.
Also note that We and Re are now determined using the relative velocity instead of the cross flow velocity.
Again, the mass shed from a fragment in a time step and the SMD are given by

Mshed = 1.2πdρlurelAα

√
πd

4
∆t (30)

SMD = 3.6d1/2
[ ρl
ρg

]1/4[ µl
urelρl

]1/2 (31)

where A and a are given by Eqs. (20) and (21), respectively. The new droplet velocities are given by
Eqs. (24), (25), and (28). The broken fragments produce 3 new parcels with size distribution the same
as described above when the shed mass from the fragment exceeds 20% of the fragment mass. A fragment
can continue to breakup until it no longer meets the criteria of Eq. (29) or until its size is lower than the
newly created drops. Once the fragment breakup process is complete, drops may breakup further based on
a Rayleigh-Taylor secondary breakup method.

Khosla and Crocker [11] applied the model to predict the properties of Jet A-1 kerosene fuel injected
into a cross-flowing air stream.

4 DETAILS OF SECONDARY DROPLET BREAKUP MODELS

Recent studies by Reitz et al [19, 16] have examined the breakup of single droplets moving in a
transverse, high-velocity air jet. The high-speed photography provided new insights into the details of the
breakup mechanism of a single drop. The droplet breakup regimes are classified as bag, stripping (shear)
and catastrophic (surface wave) based on an increasing size of Weber number. In the bag breakup mode
(at low Weber number), the drop is flattened by the aerodynamic pressure, then turned inside out, forming
a thin hollow bag which is tied together with a circular belt-like structure on the windward side. The bag
eventually bursts into smaller liquid fragments, whereas the belt decays into larger ligaments and droplets. In
the stripping regime thin sheets or ligaments of fluid are continuously shed from the periphery of the distorting
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parent drop as a consequence of a K-H instability, causing these sheets to disintegrate into tiny droplets.
This process always leaves a coherent residual parent drop. The catastrophic drop breakup takes place in two
stages leading to a collection of larger and tiny product droplets: Large amplitude long-wavelength waves
caused by drop deceleration induce a R-T instability on the flattened drop which leads to a breakup into large
product droplets, while at the same time short surface waves induce a K-H instability on the windward side
of the parent drop resulting in a collection of much smaller product droplets. In diesel or other high-pressure
gas-turbine sprays the droplets span a wide range of velocities and hence Weber numbers, and thus it is
expected that all three droplet breakup mechanisms are relevant in the breakup modeling.

In what follows, we provide some details of the secondary droplet breakup models contained in the
CFDRC/UW atomization module: (1) Rayleigh-Taylor, (2) TAB, and (3) ETAB. These details are taken
from [16-21, 6-8].

4.1 Rayleigh-Taylor Secondary Droplet Breakup Model

Here we summarize the Rayleigh-Taylor secondary breakup model developed by Patterson and Reitz
[21]. It is based on the analysis developed by Taylor [17,21] that accounts for the disturbances caused by
droplet deceleration. In the Rayleigh-Taylor breakup mechanism, the breakup wavelength, Ω, is given by

Ω = 0.2π
√

3σ/|u̇d|(ρl − ρg) (32)

where u̇d is the drop deceleration (= 3
4
cdρgU

2

ρld
, cd is the aerodynamic drag coefficient, U is the drop relative

velocity, & d is the drop diameter). Furthermore, the breakup wavelength Ω is limited by

Ω = max(0.8d,Ω)[1 + 0.2(RND − 0.5)] (33)

and the breakup time, tb,RT , is given by

tb,RT = cfreq

√
0.5
√
σ(ρl + ρg)(

3
|u̇d|(ρl − ρg)

)1.5 (34)

However, the value assigned for the constant, cfreq, depends on the droplet classification - parent, product,
or default. For more details, one can refer to Patterson and Reitz [21]. After the breakup, no new drop
parcels are created and there is no change in velocities between the parent and product drops. However, the
drop number in a given parcel changes to nproduct as given by nparent(dparent/Ω)3 due to the change in the
sizes between the parent and product drops.

4.2 The TAB Secondary Droplet Breakup Model (Likely Application: Lenticular-Shaped
Droplet Deformations)

In an attempt to provide a description of the droplet and jet disintegration in the modeling of diesel
sprays, O’Rourke & Amsden introduced the TAB model [6]. Here we summarize the TAB model taken from
[7-8].

The TAB breakup model is based on Taylor’s analogy between an oscillating, distorting drop and a
spring-mass system. A detailed analysis of this model together with a discussion of its numerical implemen-
tation can be found in [6 & 22]. In this model, the drop motion is governed by a linear ordinary differential
equation for a forced, damped harmonic oscillator. The forcing term is given by the aerodynamic droplet-
gas interaction, the damping is due to the liquid viscosity and the restoring force is supplied by the surface
tension. The parameters and constants have been determined partly from theoretical considerations and
partly from experimental observations.

The TAB model describes the distortion of the drop by the deformation parameter, y = 2x/a, where
x denotes the increase in the radius of the equator from its equilibrium position and a is the drop radius.
The equation for the distortion parameter y is given by
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ÿ +
5µl
ρla2

ẏ +
8σ
ρla3

y =
2ρg|U |2

3ρla2
(35)

Assuming a constant relative drop-gas velocity, U (which is satisfied in the numerical solution process
during a given time step), the solution to Eq. (35) is given by

y(t) =
We

12
+ e

−t
td

([
y(o) − We

12
]
cosωt +

[ ẏ
ω

+
y(0)− We

12

ωtd

]
sinωt

)
(36)

where We = ρgaU
2/σ and

td =
2ρla2

5µl
(37)

ω2 =
8σ
ρla3

− 1
t2d

(38)

In this model, it is assumed that a necessary condition for drop breakup is reached when We > Wecrit.
And the value for the critical Weber number is determined experimentally to be 6. For an inviscid liquid
with initial deformation conditions y(0) = ẏ(0) = 0, the solution to Eq. (35) reduces to y(t) =
We(1 − cosωot)/12, where ω2

o = 8σ
ρla3 [8]. Consequently, the breakup occurs when y(t) > 1. The drop

size after breakup is determined by an energy balance equation between the parent and the product droplets
which equates the surface energies of parent drops with the energies of product drops due to oscillation
and distortion. Also, the product droplets are initially equipped with the additional deformation velocity
ẋ = αẏ/2, which acts normal to the path of the parent drop and is responsible for the formation of the
spray angle.

One major advantage of this model is that it is based on a simple linear equation and it can be used
effectively to describe the lenticular-shaped droplet deformations as observed in the experiments of [20 &
18].

4.3 The ETAB Secondary Droplet Breakup Model (Likely Application: High-Pressure Diesel
Engine)

Here we provide some details of the ETAB model taken from Tanner [7-8]. The ETAB model is based
on the following modifications to the standard TAB model: (1) the droplet disintegration is modeled via an
exponential law which relates the mean product droplet size to the breakup time of the parent drop; and
(2) an energy balance consideration between the parent and product droplets yields an expression for the
normal velocity component of the product droplet.

When the breakup condition of We > Wecrit = 6 and y(tbu) = 1 is met, then the parent drop breaks
up into a collection of product droplets, subject to a size distribution function which, in general, depends on
the breakup mechanism. In the ETAB model, the rate of product droplet generation, dn(t)/dt, is given by

dn(t)
dt

= 3Kbrn(t) (39)

where n(t) = m0/m̄(t) and m0 is the mass of the parent drop and m̄ the mean mass of the product droplet
distribution. Utilizing the fact that dn/dt = −(m0/m̄

2)(dm̄/dt), leads to the breakup law which relates
the product drop size to the breakup time as determined by the TAB model.

dm̄

dt
= −3Kbrm̄ (40)

The breakup constant Kbr depends on the breakup regime and is given by parent drop properties only.
Bag breakup occurs if We = Wet and stripping breakup happens if We > Wet. And it is given by
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Kbr = k1ω if We ≤ Wet or

Kbr = k2ω
√
We if We > Wet (41)

The values for Wet, k1 and k2 have been determined experimentally and has been set to k1 ≈ k2 = 1/4.5
and Wet = 80.

In this model, a uniform product droplet size distribution is assumed. It is also noted that the choice
of uniform distribution is not expected to be realistic but may produce good approximations when averaged
over many drop breakups, because parent drops of different sizes and Weber numbers will in general yield a
wide range of duct droplet sizes. With this assumption, Eq. (40) becomes

r

a
= e−Kbrt (42)

where a and r are the radii of the parent and product drops, respectively.
After breakup of a parent drop, the initial deformation parameters of the product droplets are set to

y(0) = ẏ(0) = 0. Also, the product droplets are initially supplied with a velocity component perpendicular
to the path of the parent drop with a value vT = Aẋ, where A is a constant determined from the following
energy balance consideration. The energy of the parent drop is the sum of the surface tension energy and
the droplet deformation energy. The second is computed as the product of the aerodynamic drag and the
drop deformation at the stagnation point, estimated to be 5a/9. This leads to

Eparent = 4πσa2 + 5πcdρga3|U |2/18 (43)

And the energy of the product droplets in the frame of reference of the parent drop is given by

Eproduct = 4πσa3/rSMR + A2πρla
5ẏ2/6 (44)

where the Sauter mean radius, rSMR, enters via the relation r̄2 = a3/rSMR. From Eqs. (43) and (44) one
obtains the relation

A2 = 3[1 − 1/rSMR + 5cdWe/72]ω2/ẏ2 (45)

where ω2 = 8σ
ρla3 . Tanner [7-8] analysis yields an approximate value of 0.69 for A showing that only 70%

of the parent drop deformation velocity goes into the normal velocity component of the product droplets,
where as it is 100% in the standard TAB model. Also, the characteristic time, τ (= 1

Kbr
), for breakup in

Eq. (42) for an inviscid liquid (µl = 0) is given by α1

√
ρla3

σ if We ≤ Wet or α2

√
ρl
ρg

a
|U | if We > Wet,

where the suggested values are for α1 = (
√

8k1)−1 and α2 = (
√

8k2)−1.
The application of the ETAB model in the simulation of a high pressure liquid jet breakup can be

found in [7-8].

5 RESULTS & DISCUSSION

Here we summarize some results from several test runs performed within the context of a single
McDonnell-Samuelsen case [23]. However, it is also noteworthy that the validation results for the McDonnell-
Samuelsen case were already reported in [4]. In the calculations of [4] the initial droplet conditions were
specified from known experimental data. And the comparisons involving both gas and drop velocities, drop
size distributions, and gas temperatures showed reasonable agreement with the available experimental data.
The purpose of the present exercise is not for validation but it was designed primarily as a debugging plat-
form for assessing the differences between various models. The designed matrix consisted of a total of twenty
test runs resulting from various combinations of available models for primary atomization and secondary
droplet breakup.
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The schematic of the experimental facility used at UCI (University of California, Irvine) is shown in
Fig. 1. It made use of the RSA (Research Simplex Atomizer) which was manufactured by Parker and
Hannifin. The injector has a nominal spray angle of 850 (full angle) and the spray liquid was methanol
(ρl = 770kg/m3, σ = 22.2g/s2, νl = 2.5m2/s). The reported methanol and air mass flow rates were 1.26
and 1.32 g/s, respectively. The spray was injected downwards from the center of a 495 x 495 mm square
duct and air was pulled through the top of the duct by a blower at a bulk velocity of 0.8 m/s in order to
provide adequate entrainment needs. Both the droplet and gas-phase velocities as well as the droplet sizes
were measured by making use of a two-component PDI (Phase Doppler Interferometry), and the gas-phase
temperatures were measured by using a traversing hot-wire thermocouple. Using the setup shown in Fig. 1,
several measurements involving the gas-phase velocity, droplet size and velocity, droplet number flux, and
mean gas-phase temperatures were reported at different axial locations starting from 2.5 cm. The back-lit
experimental photograph of the spray are shown in Fig. 2.

In all the calculations, the computations were performed on a 2D axisymmetric grid of 1850 triangular
elements. The calculations were advanced until a steady state solution was reached by making use of the
following time steps: ∆tg (= local time step used in the flow solver, s) was determined based on a CFL
number of 1, ∆tinjection (time-step at which a new group of droplets is introduced) = 1.0 ms, and ∆tk (time
step used in the spray solver) = 0.01 ms. The initial gas conditions were prescribed from the experimental
data taken at 2.5 cm. Based on the reported experimental data, the following conditions were assumed for
the injector: the droplet injection velocity 45m/s, the nozzle diameter 0.1 mm, and the liquid temperature
298 K.

5.1 The calculations with the droplet initial conditions taken from the experimental data

The global features of a reacting spray flow-field are shown in Fig. 3a-3d. Here, a composite view is
presented in the form of both drop locations, mean gas temperatures and gas velocity vectors. The solid
white circles show the location of the droplets. The shaded contour lines show the temperature distribution,
and the arrows denote the gas velocity vectors. The droplet sizes range from few microns to 140 microns.
Most of the smaller droplets are taken out of the computation once they loose more than 99% of their initial
mass due to evaporation. As expected, some of the larger droplets leave the domain through the right exit
boundary. The gas temperature distribution ranges between 564 to 2325 K. The results in Fig. 3a are similar
to those reported in [4] from the non-PDF computations where combustion takes place in a predominantly
vaporization-controlled reaction regime after originating next to the inflow boundary.

Figs. 3b-3d show the results obtained from the use of the Rayleigh-Taylor, TAB, and ETAB secondary
breakup models, respectively. The effect of the secondary breakup mechanism is primarily seen to further
broaden the high temperature region near the inflow boundary. And the results from both of TAB and
ETAB can be seen to be nearly identical. In this case, all the secondary breakup models seem to have only
a modest effect on the overall spray performance.

5.2 The calculations with the sheet-breakup primary atomization model

None of the primary atomization models were designed specifically for the simplex injector type of
application. But the primary atomization model that comes closest for this kind of injector representation
is the high pressure swirl application of the sheet-breakup primary atomization model described in Section
3.1.1.

The results from the sheet-breakup primary atomization model with various secondary breakup models
are shown in Figs. 4a-d. This primary atomization model seems to produce a hollow cone spray and
overemphasize this representation as it shifts the location of the high temperature region radially outwards
into the middle of the spray away from the centerline (Figs. 4a-d). Originating from the middle of the spray,
a high temperature region spreads further downstream centered around the middle of the spray. The results
from Figs. 4a & 4c-4d are similar and the additional effect of either TAB or ETAB secondary breakup models
seem to be modest. In all the cases considered, the Rayleigh-Taylor secondary breakup has established a
definite pattern by favoring a more rapid breakup into smaller droplets and, thereby, promoting a faster
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rate of liquid evaporation when compared with either TAB or ETAB. This effect is evident by the further
reduction achieved in the axial flame stand-off distance with the Rayleigh-Taylor breakup when compared
with either TAB or ETAB. The predicted axial flame stand-off distance is about 6.5 cm with the Rayleigh-
Taylor secondary breakup model and the results from Figs. 4a & 4c-4d seem to overpredict the axial flame
stand-off distance (about 13 cm) even more. The axial stand-off distances in all Figs. 4a-4d are overpredicted
as the experimental data of McDonnell and Samuelsen shows for it to be 2.5 cm.

5.3 The calculations with the air blast primary atomization model

The air blast primary atomization also seems to produce a hollow cone spray and overemphasize this
representation as it shifts the location of the high temperature region radially outwards into the middle of the
spray away from the centerline (Figs. 5a-d). Originating from the middle of the spray, a high temperature
region spreads further downstream centered around the middle of the spray. Also, the axial flame stand-off
distances are overpredicted compared to the experimental observation of 2.5 cm. While the overall behavior
is similar to the sheet-breakup primary atomization, the axial flame stand-off distances are better predicted
in Figs. 5a, & 5c-d compared to Figs. 4a, & 4c-d.

5.4 The calculations with the blob jet primary atomization model

For this primary atomization model, the results are only shown for a non-reacting spray as the cal-
culations other than the Rayleigh-Taylor secondary breakup model couldn’t support a spray flame (Figs.
6a-6d). Here the spray is represented by a solid cone spray with an initial half cone angle of 450. Initially, a
specified number of size 100 µm droplets (mono-disperse) called blobs were injected and they were dispersed
uniformly across a half cone angle of 450. The injected blobs within the intact liquid core move initially in
a straight line before the jet breakup occurs [5,16,9]. After the intact core breakup, new product droplet
parcels are produced from the breakup of the blobs [9]. And the size of the initial product drops could even
exceed the size of the parent drops.

Judging from the spray representation, the spray angle is well calculated. However, the spacing between
different bands of droplets in Fig. 6a clearly reflects the effect of the present discrete injection method. Each
separate band represents a group of particles injected at a different injection time interval, ∆tinjection. The
distancing gets smaller as we move towards the outflow boundary because of the resulting droplet deceleration
due to drag. However, the axial location for the last group of injected drops can be estimated by knowing
the specified droplet injection time, ∆tinjection, and the initial injection velocity. Finally, all the droplets
exit out of domain from the outflow boundary. Figs. 6b-d show the results from the Rayleigh-Taylor, TAB,
and ETAB droplet secondary breakup models, respectively. While the results from both of TAB and ETAB
are very similar, they, however, differ significantly from the Rayleigh-Taylor secondary breakup. For some
reason, Rayleigh-Taylor secondary breakup seemed to produce droplets of smaller sizes when compared with
either of TAB or ETAB. The smaller droplets so produced are swept away axially further downstream by
the surrounding gas. In the reacting calculations not shown here most of the product droplets so produced
by the Rayleigh-Taylor breakup seemed to evaporate rather quickly after the secondary breakup criterion
was applied. On the other hand, both of TAB and ETAB produce a nicely dispersed solid cone spray as
can be seen in Figs. 6c-d. After an axial distance of about 10 cm, they also seem to produce spray drops as
in the second wind jet breakup regime of Reitz and Bracco [5] with sizes smaller than the nozzle diameter.
However, further effects of combined evaporation and mixing don’t appear to be fast enough to support a
flame.

5.5 The calculations with the BLS primary atomization model

The results in Figs. 7a-d from the BLS method are similar to those obtained from the blob jet primary
atomization model with few exceptions. Unlike the previous case, the results from Figs. 7a are also similar
to the results from TAB and ETAB (Figs. 7c-d). Also, the results in 7a are all similar to those from Fig. 6a.
The results from the Rayleigh-Taylor secondary breakup in both of the blob jet and BLS cases are similar

NASA/CR—2005-214033 13



(Fig. 7b and Fig. 6b) to the extent that the Rayleigh-Taylor breakup produces product droplets which
are small. The droplets so produced are swept away axially further downstream by the surrounding gas.
However, the BLS method seems to delay the onset of secondary breakup effects further downstream.

6 CONCLUSIONS

We have successfully integrated the CFDRC/UW atomization module into NCC. Complete details of
various primary atomization models as well as secondary droplet breakup models contained in the atomization
module are provided. The differences between various atomization models on the overall performance of a
single reacting spray case were investigated. The designed test matrix encompassed all the possible joint
combinations of various primary atomization and secondary droplet breakup models. A brief summary of
the results are as follows:

• The calculations with the droplet initial conditions taken from the experimental data showed that the
effect of various secondary breakup models on the global structure of a reacting spray seems to be
modest for the case investigated.

• Both the sheet breakup and air blast primary atomization models yielded similar results but the
structure of the flame differs significantly from the experimentally observed flame. The results also
overpredicted the axial flame stand-off distances by a considerable measure.

• Both the blob-jet and BLS primary atomization models produced similar results but the calculations
other than the Rayleigh-Taylor secondary breakup model couldn’t support a spray flame.

• Between the three secondary droplet breakup models, the results from both TAB and ETAB are mostly
similar but the Rayleigh-Taylor secondary breakup mechanism seemed to produce droplets which are
smaller.

• The comparisons with the experimental data suggests a definite need for further improvements in the
modeling of a spray flame produced by a simplex fuel injector.
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Fig. 1 Schematic of the spray burner facility (McDonell and Samuelsen). 
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(a) Case 1, reacting and no-swirl 

 

(b) Case 2, non-reacting and no-swirl 

Fig. 2 Backlit photographs of sprays (McDonell and Samuelsen). 
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